INTRODUCTION
============

Large tracts of forest that are free from significant anthropogenic influence, which we term "intact" forests, play a unique and important role in the global carbon cycle ([@R1]). Using mapped intact forest landscapes as the best available proxy, only 20% of tropical forests can be considered intact, but these areas store 40% of the aboveground carbon found in all tropical forests ([@R2]). The net biomass increase of intact forests also removes large amounts of atmospheric carbon ([@R3])---sequestering at least one petagram of carbon per year, or up to 0.9 Mg of carbon per hectare per year ([@R4])---and thus makes substantial contributions to the residual terrestrial carbon sink phenomenon ([@R3]).

When compared to forests that have been degraded by large-scale human activities, intact forests are often more resistant to pressures such as fire and drought events ([@R5]) and usually less accessible to logging and agricultural conversion ([@R6]). Avoiding the degradation or outright clearance of intact forests (which we collectively term "intact forest loss") is therefore likely to be an important contributor to the Paris Agreement's goal of limiting global warming to well below 2°C above preindustrial levels ([@R7]), alongside other nature-based climate mitigation actions ([@R8]).

Most national governments fail to recognize or prioritize the retention of intact tropical forests as a means of meeting their commitments under the Paris Agreement. For example, reduced emissions from land use and land cover change account for a quarter of all emission reductions planned by countries ([@R9]), but intact forest retention \[or related approaches such as the prioritization of primary forests ([@R10])\] is seldom a specific contributor to these planned reductions ([@R11]).

Intact forest retention also rarely attracts funding from schemes designed to avoid land use and land cover change emissions in developing nations. Notably, the Reducing Emissions from Deforestation and Forest Degradation (REDD+) approach enables developing countries to receive financial incentives for enhancing carbon stocks or avoiding the loss of carbon that would otherwise be emitted because of land use and land cover change. Among other activities, "+" indicates support for conservation of tropical forests not under immediate threat of direct clearance or degradation and was formally adopted by parties to the United Nations Framework Convention on Climate Change in 2008 at the 14th Conference of the Parties in Poland ([@R12]). Since then, however, financial support and implementation have predominantly focused on areas with high historical rates of deforestation (i.e., "deforestation frontiers") and hence high predicted rates of emissions in the near future. This is widely believed to deliver more immediate and more clearly demonstrable emission reductions than conserving intact forest areas, which tend to be treated as negligible sources of emissions as a result of the short time scales and conservative assumptions under which REDD+ operates ([@R11]).

The relative value of retaining intact tropical forest areas increases if one takes a longer-term view and considers the likely state of the world's forests by mid-century---a milestone date in the Paris Agreement ([@R13]). Far from being stable and free from threat, intact tropical forests have been severely reduced by industrial human activities in recent decades. Agricultural expansion, logging, mining, and anthropogenic fires reduce the global extent of intact forests by 7.2% between 2000 and 2013 ([@R2]), yet the carbon emissions associated with intact forest loss have not been comprehensively estimated.

The most obvious and immediate source of emissions from intact forest loss occurs through outright forest clearance ([@R14]). The clearance of intact forests also leads to numerous sources of committed emissions. Newly accessible forests are targeted for first-cut selective logging, which can result in substantial emissions ([@R15]). Increased accessibility also initiates cryptic sources of emissions that occur more gradually, including the edge effects associated with forest fragmentation ([@R16]) and declines of carbon-dense tree species due to overhunting of seed-dispersing animals (i.e., "defaunation") ([@R17]).

The loss of intact forests also forgoes the opportunity for persistent carbon removals, as degradation processes or conversion to nonforest land uses reduces carbon uptake from the atmosphere ([@R5]). Intact tropical forests account for nearly half of all the carbon sequestered in global intact forests ([@R4]), which absorbed around 28% of anthropogenic carbon emissions from all sources during the period 2007--2016, and hence markedly reduced the net rate of carbon dioxide accumulation in the atmosphere ([@R18]). Failing to account for forgone carbon removals potentially distorts priority setting for mitigation action within and beyond the forest sector. Despite these shortcomings, no previous study has accounted for less-readily observed impacts when quantifying the climate mitigation potential of retaining intact forests.

Here, we used a stepwise approach to estimate carbon emissions and forgone carbon removals that result from the loss of intact forests across the tropics. We used reductions in intact forest landscapes ([@R2]), which are predominantly forested ecosystems with no satellite-based observations of large-scale human activity and a minimum area of 500 km^2^, to delineate parcels of intact forest that were lost between 2000 and 2013. Within these lost parcels (49 million ha), we estimated pulse emissions from forest clearance and fire that occurred between 2000 and 2013 ([Fig. 1](#F1){ref-type="fig"}). We then estimated likely committed emissions up to 2050 from selective logging near roads that entered lost parcels between 2000 and 2013. We then estimated committed emissions up to 2050 from edge effects associated with forest fragmentation that occurred in lost parcels between 2000 and 2013 and from reduced faunal abundance and diversity that is expected to occur as intact forests become more accessible to hunters. Last, we compared these pulse and committed emissions to carbon sequestration that would likely have occurred had forested areas affected by clearance, logging, or edge effects (28 million ha) remained intact from year 2000 onward. We demonstrate and quantify the climate mitigation potential of retaining intact tropical forests for individual countries and present approaches for rewarding intact forest retention under the Paris Agreement.

![Areas of tropical forest that remained intact in 2013 or were lost between 2000 and 2013 ([@R2]).\
(**A** to **C**) Inset maps with orange borders show remnant and lost parcels of intact forest across Latin America, Central Africa, and Asia-Pacific. The second row of inset maps (black borders) shows the spatial distribution of activities that cause carbon emissions and forgo carbon removal in intact forest areas. Forest clearance and burned areas were sourced from ([@R14]) and ([@R21]), respectively. Selectively logged areas were simulated inside lost parcels by applying a 1-km buffer around roads mapped in the OpenStreetMap dataset ([www.openstreetmap.org](http://www.openstreetmap.org)). New forest edges were simulated by applying 500-m buffers around footprints of burned area and forest clearance.](aax2546-F1){#F1}

RESULTS
=======

Our findings show that intact tropical forest loss plays a larger-than-realized role in exacerbating climate change, particularly when forgone carbon removals are considered ([Table 1](#T1){ref-type="table"}). Annual emissions from forest clearance observed in lost parcels between 2000 and 2013 \[26 Tg of carbon per year (Tg C year^−1^); 1 Tg = 10^12^ kg\] were 3.2% of annual emissions from all deforestation across the pantropics in the 2000s ([@R19]). Selective logging within 1 km from roads that entered intact tropical forests in the 2000s was predicted to emit at least 118 (126 to 66) Tg C by 2050. This is likely an underestimate, given that all tropical forests outside protected areas are expected to be logged ([@R20]). Emissions could sum to 523 (571 to 304) Tg C if selective logging extends beyond 1 km from roads that entered intact tropical forests in the 2000s to all areas in lost parcels not affected by forest clearance between 2000 and 2013. Further committed emissions from defaunation and newly created forest edges could add an additional 733 (797 to 444) Tg C to the atmosphere by 2050. Had the 28 million ha of forest damaged by clearance, logging, or edge effects remained intact from year 2000 onward, they could have sequestered 972 (1604 to 331) Tg C by 2050. Hence, after accounting for committed emissions and forgone carbon removals, the estimated net carbon impact from intact tropical forest loss in the 2000s increased sixfold over the estimate based on forest clearance alone, from 338 (372 to 208) to 2116 (2854 to 1004) Tg C (see Materials and Methods; [Fig. 2](#F2){ref-type="fig"}). This revised estimate equates to approximately 2 years of global land use change emissions ([@R18]) and implies that accounting for clearance alone will underestimate the carbon impact of intact forest loss by 84%.

###### Pantropical and regional estimates of the full carbon impact of intact forest loss.

Pulse emissions include those from forest clearance and fire observed between 2000 and 2013. Disturbance inside intact forests will lead to numerous sources of emissions between 2013 and 2050, including selective logging, edge effects, and defaunation, herein collectively referred to as committed emissions. Committed emissions shown here also account for some carbon sequestration from forest regrowth between 2013 and 2050 (see Materials and Methods). Emission estimates were based on a synthesis map of pantropical aboveground biomass of woody vegetation ([@R22]). Upper and lower uncertainty bounds were based on rerunning emission calculations with two original biomass maps ([@R23], [@R24]). Forgone removals are an estimate of the amount of carbon that cleared or degraded forests could have sequestered had they remained intact beyond 2000. Forgone removal estimates and 95% confidence intervals were based on carbon sequestration rates in intact tropical forests estimated for the 2000s ([@R4]).

                                      **Carbon emissions (Tg C)**   **Forgone (Tg C)**                    
  --------------- ------------------- ----------------------------- -------------------- ---------------- -----------------
  Pantropics      2116 (2854--1004)   1114 (1250--673)              338 (372--208)       806 (878--465)   972 (1604--331)
  Latin America   1132 (1633--455)    677 (766--420)                263 (294--168)       414 (472--252)   455 (867--35)
  Africa          517 (681--239)      236 (239--117)                31 (32--15)          205 (207--103)   281 (442--122)
  Asia-Pacific    467 (540--310)      231 (245--135)                44 (46--25)          188 (199--110)   236 (295--175)

![Full accounting of the carbon impact of intact forest loss.\
(A, red segments) Conventionally, only emissions from readily observed forest clearance are considered. Forest clearance in intact forest between 2000 and 2013 led to the emission of 338 (372 to 208) Tg C. (B, orange segments) Less readily observed degradation processes that follow forest clearance, including selective logging, edge effects, and defaunation, are rarely accounted for in emission estimates. We expect that these events occurring in intact forest between 2013 and 2050 will lead to the emission of 806 (878 to 465) Tg C. (C, green stippled segments) Forgone carbon removal---carbon sequestration that could have occurred had cleared or degraded forest areas remained intact beyond 2000---is not considered in conventional emission accounting frameworks. If the forested area affected by clearance, logging, or edge effects remained intact beyond 2000, then it could have sequestered 972 (1604 to 331) by 2050. Full accounting of these additional factors (i.e., selective logging, cryptic emissions, and forgone enhancement) led to a 626% increase in cumulative net carbon impact from intact forest loss. Histogram plot shows carbon impacts for the 10 countries with the highest estimated impacts.](aax2546-F2){#F2}

Emissions from forest clearance and selective logging
-----------------------------------------------------

Forest clearance and fire observed in intact tropical forests between 2000 and 2013 led to the emission of 26 Tg C year^−1^, or 338 (372 to 208) Tg C in total (see Materials and Methods; [Table 1](#T1){ref-type="table"}). These pulse emissions were largest in Latin America, with Brazil accounting for 61% of all forest clearance emissions. Bolivia, Democratic Republic of Congo, and Indonesia were also large contributors. The ratio of forest loss to gain across the pantropics indicates that reforestation will occur at around 28% of sites that were cleared between 2000 and 2013 ([@R14]). After accounting for carbon removed by this amount of forest regrowth (45 Tg C; see Materials and Methods), emissions from forest clearance in intact forests in the 2000s would still result in the net emission of 293 (327 to 163) Tg C by 2050.

We partitioned selective logging footprints inside intact tropical forests into conventional or responsible logging areas based on the extent of responsible forestry practices in tropical countries (table S1; see Materials and Methods). Assuming no change in the relative extent of responsible logging inside national borders, we estimate that conventional logging activities will account for 93% of emissions from selective logging up to 2050. The universal adoption of responsible logging techniques in lost parcels of intact tropical forest would lead to better biodiversity outcomes ([@R25]) and lower expected emissions from selective logging by approximately 25%. Yet, even when constrained to only being within 1 km of roads, we estimate that selective logging will cause emissions equivalent to 35% of those resulting from direct forest clearance. This estimate is similar to a previous study that shows that emissions from selective logging in tropical countries can be equivalent to 10 to 50% of those from deforestation ([@R15]).

Emissions from cryptic forest degradation
-----------------------------------------

Forest fragmentation reduces the net amount of carbon stored at forest edges ([@R26]). Forest clearance and fire observed in intact forests in the 2000s created new forest edges, which, between 2013 and 2050, could lead to the emission of 631 (686 to 352) Tg C, or approximately 18 Tg C year^−1^. This estimate is based on a 25% loss in aboveground carbon penetrating 500 m from the edge of a deforested or burnt site ([@R16]). Should the first 100 m of this 500-m edge incur a 50% loss in aboveground biomass---an effect observed in long-term fragmentation studies in tropical forests ([@R27])---cumulative emissions from edge effects would increase by approximately 25% to 761 (828 to 426) Tg C by 2050. Hence, we expect that cumulative net emissions from edge effects will approximately double those from direct forest clearance events observed in intact forest in the 2000s.

The relative magnitude of emissions from edge effects reported here are higher than previous studies, showing emissions from forest fragmentation across all tropical forests (including nonintact areas) to be 47 to 75% of those from deforestation ([@R28]--[@R30]). This result is driven by large edge-to-forest clearance ratios found in lost parcels of intact forest (table S2). On average, every 1 ha of intact forest clearance resulted in 7 ha of new forest edge, with much larger ratios found in Gabon (60:1) and Guyana (44:1).

Declines of large-seeded animal-dispersed trees in intact forests could lead to the emission of 102 (111 to 92) Tg C by 2050. This estimate assumes that modeled effects of defaunation on aboveground carbon storage across the pantropics ([@R17]) take effect linearly over 100 years and occur in all moist broadleaf intact forests that became degraded (i.e., selectively logged or fragmented) but not cleared between 2000 and 2013 (40 million ha) (table S3). We predict that carbon losses from defaunation will be similar in magnitude between Latin America and Africa despite the extent of intact forest loss being much lower in Africa. This result is due to the stronger relationship between defaunation and carbon storage in tropical moist broadleaf forests across Africa ([@R17]).

Forgone carbon removals
-----------------------

We expect that, by 2050, carbon sequestration in 28 million ha of intact forest area will be permanently altered because of forest clearance, edge creation, or selective logging. Had this forested area remained intact, it could have potentially sequestered 19 Tg C year^−1^, totaling 972 (1604 to 331) Tg C by 2050 ([Fig. 2](#F2){ref-type="fig"}). This estimate is based on carbon sequestration rates in intact forests across Asia-Pacific, Africa, and Latin America continuing at rates estimated for the 2000s (table S4) ([@R4]). Brazil was expected to have the largest forgone removals, but high per-hectare rates of carbon sequestration in Asian and African intact forests will also result in large forgone removals for Indonesia and across the Congo Basin.

Tropical tree growth could be unaffected by climate change ([@R31]), but under some scenarios, carbon sequestration rates could increase because of decreased cloudiness ([@R32]) or carbon dioxide fertilization effects ([@R33]) or could slow down due to higher drought frequency and drying trends ([@R34]), increased frequency or intensity of pest outbreaks ([@R35]), or mortality rates catching up with stagnating growth rates ([@R36]). Should the intact forest sink in Latin America become saturated by 2030 ([@R37]) (see Materials and Methods; fig. S1), forgone removals would drop by 31% to 674 (1025 to 311) (fig. S2). Should all tropical intact forests reach saturation by 2030, forgone removals would reduce by 66% to 329 (531 to 117) (fig. S3). We note that the onset of saturation by 2030 is quite a conservative assumption; many other studies indicate that the intact forest sink could be maintained or accelerate before reaching saturation late in the 21st century \[e.g., ([@R38])\].

DISCUSSION
==========

Climate change mitigation funding in the land sector is overwhelmingly concentrated in deforestation frontiers and restoration zones ([@R39]). There has been insufficient focus on many intact forest areas despite this analysis, suggesting that they have very significant climate mitigation potential ([@R13]). Recognizing how intact forest retention can deliver large-scale emission reductions has broad relevance, because intact tropical forests are found in at least 65 nations and represent ≥25% of the forest cover in at least 18 nations. One group of countries for whom this analysis is especially relevant is those with high amounts of forest and low deforestation rates (e.g., Suriname, Gabon, and Papua New Guinea). These countries have thus far received little attention under REDD+ when compared to high forest cover--high deforestation countries (e.g., Brazil and Indonesia) despite the fact that REDD+ includes, in principle, support for the retention of tropical forests that are not under immediate threat of direct clearance or degradation ([@R40]).

To rectify the current neglect of intact forests in global climate finance mechanisms, we encourage national governments to better account for the full carbon impact of intact forest retention. For example, emission baselines that account for selective logging and other more cryptic degradation processes would reduce the disproportionate emphasis on recent forest clearance within countries, which is more readily observed but is concentrated at forest margins. Recent advances in modeling capacity and understanding of forest degradation trends \[e.g., ([@R41])\] are likely to improve emission baseline estimates in this regard, as are innovative approaches to estimating baselines in the context of areas with low historical rates of forest cover change. Recent examples of such development include the way baselines were calculated for the bilateral emission reduction agreement between Guyana and Norway ([@R42]) and the introduction of a "stock-flow" structure to the Amazon Fund in Brazil, which has partially decoupled domestic incentive structures from the more restrictive international framework ([@R43]). Furthermore, improved recognition in the scientific community that most forest degradation processes that follow from the opening up of intact forests will play out over a period of decades, rather than occurring instantly, could potentially allow them to be acknowledged and better accounted for in emission baselines.

Looking beyond current carbon accounting frameworks, national governments and the carbon finance sector should also consider complementary funding mechanisms that use innovative accounting frameworks ([@R13]). For example, previous studies have proposed a global carbon preservation target that would reward nations who retain standing forests \[e.g., ([@R44])\]. Among other advantages, this approach would place a value on maintaining carbon sequestration by intact forests. Carbon dioxide removal will be necessary to limit global warming to 1.5°C above preindustrial levels, yet large-scale engineered solutions to carbon removal on land are unproven and risky ([@R45]). In contrast, intact tropical forests represent a safe and effective way to achieve meaningful carbon dioxide removals and to neutralize emissions from other sources.

Our study is subject to several caveats, most of which suggest that we have understated the climate mitigation benefits of intact forest retention. We assume that no additional fire and deforestation will occur after 2013 in parcels of intact forest loss, whereas in reality deforestation frontiers and wildfires are likely to expand into forested areas where access has improved ([@R46]) or selective logging has occurred ([@R47]). Consideration of forest clearance after 2013 would likely increase the carbon impact of intact forest loss, given that these events in many cases imply a near-complete and permanent loss of biomass ([@R48]). Should additional forest clearance after 2013 replace areas of degraded forest (e.g., selectively logged areas and new forest edges), it could reduce our estimates of committed emissions between 2013 and 2050. However, additional forest clearance after 2013 would likely displace forest degradation processes and subsequent emissions into previously undisturbed forest areas and also increase the magnitude of foregone removals. It is also likely that we have underestimated the extent of current road networks (and hence the extent of selective logging) and burned area in lost parcels because the road dataset we used omits many known roads in tropical areas ([@R49]) and many tropical forest fires are undetected or underestimated ([@R50]). We also do not capture emissions from peat fires ([@R51])---a major source of emissions from southeast Asia ([@R52]). Emissions from conventional and responsible selective logging practices may also be conservative, given that timber harvest rates often exceed regeneration capacity ([@R53]), driving progressive degradation over time ([@R6]), and we do not model any additional edge effects along roads also used for selective logging.

CONCLUSION
==========

As of 2013, there were 549 million ha of intact tropical forest remaining globally. Yet, the rate at which intact forests are being lost is increasing, closing off opportunities for countries to use them in mitigation efforts. We show that accounting for clearance alone will underestimate the carbon impact of intact forest loss by 84%. The climate mitigation potential from retaining intact forests increases by at least 626% after accounting for forgone carbon removals, selective logging, and cryptic emissions from edge effects and defaunation. A comparable analysis for extratropical regions is urgently required, given that approximately a half ([@R4]) to two-thirds ([@R54]) of carbon removals on Earth's intact ecosystems occur outside the tropics. The climate mitigation potential of retaining intact forests is significant, but without proactive conservation action by national governments, supported by the global community, this potential will continue to dwindle.

MATERIALS AND METHODS
=====================

Mapping intact forest loss and aboveground biomass
--------------------------------------------------

We used reductions in intact forest landscapes ([@R2]), which are defined as predominantly forest ecosystems with no evidence of large-scale human activity observed from satellites and a minimum area of 500 km^2^, to delineate parcels of intact forest that were lost between 2000 and 2013. Ninety-three million hectares of previously intact forest were lost in this time. "Loss" in this sense entails either outright deforestation or fragmentation into areas smaller than the 500-km^2^ intact forest landscape threshold.

We focused on intact forests that are found in the pantropics because the majority of current planned actions to reduce emissions from land use and land cover change will occur in this region ([@R9]). There are also substantial differences in how biomass in tropical and extratropical forests responds to natural and anthropogenic disturbances ([@R54]), which would make a global analysis somewhat intractable. We used a terrestrial ecoregions map to delineate lost parcels located in tropical forest ecoregions (50 million ha) ([@R55]). Lost parcels overlapped with three tropical ecoregions, namely, tropical and subtropical moist broadleaf forests, tropical and subtropical dry broadleaf forests, and tropical and subtropical coniferous forests. In cases where more than one ecoregion was found inside a fragmented parcel, we split the parcel into new polygons along ecoregion boundaries. We included, in our analysis, lost parcels of ≥100 ha to match the spatial resolution of aboveground biomass data for the pantropics. This reduced the total area of lost parcels of intact tropical forest analyzed by 1.3%.

We used a synthesis map of pantropical aboveground biomass of woody vegetation ([@R22]), which was based on two earlier datasets ([@R23], [@R24]), to calculate mean estimates for biomass inside before their loss. The biomass data, originally mapped at 1-km resolution in forested areas for the 2000s, were resampled to a spatial resolution of 100 m and then overlaid on lost parcels to derive mean biomass estimates. This resampling procedure helped to extract biomass estimates for smaller parcels of forest that did not completely overlap with the 1-km pixels.

To explore the sensitivity of our results to our chosen aboveground biomass dataset, we also derived mean biomass estimates inside lost parcels from the two original pantropical datasets of aboveground biomass---the Saatchi *et al.* dataset, which maps total carbon stock in live biomass at a spatial resolution of approximately 1 km, and the Baccini *et al.* dataset, which maps aboveground live woody vegetation carbon density at a spatial resolution of 463 m. Upper and lower uncertainty bounds around emission estimates were based on rerunning emission calculations with these two alternative biomass datasets. Within each fragmented parcel, we applied a stepwise procedure to estimate the respective areas suffering from a number of fates that result in carbon emissions or forgone carbon removals (i.e., data on emission-causing activities were extracted at the scale of individual lost parcels of intact forest).

Mapping forest clearance
------------------------

We used satellite-derived data to map the spatial footprint of two forest clearance processes inside lost intact forest parcels---burned area and forest clearance. To map forest clearance, we used version 1.1 of the Hansen *et al.* Global Forest Change dataset ([@R14]), which provides forest loss information between 2000 and 2013 at a spatial resolution of 30 m. This dataset also provides a continuous canopy cover band representing tree cover in year 2000. Following previous studies \[e.g., ([@R46])\], we used a canopy cover threshold of 25% to delineate forested and nonforested areas within lost parcels. We used the MCD45 burned area product to map burned area ([@R21]). This MODIS-derived product maps the approximate date of burning at 500-m resolution using multitemporal land surface reflectance data. Monthly burned area data were aggregated from 1 April 2000 (the earliest available date) to 31 December 2013, using only burned areas with the highest pixel detection confidence. Pixels that burned multiple times during aggregation period were treated as only having burned once in our analysis. We removed burned areas that overlapped with forest clearance inside lost parcels to avoid double counting forest clearance processes. Data were extracted at a spatial resolution of 30 m in Google Earth Engine.

Mapping forest degradation from selective logging
-------------------------------------------------

The effect of selective logging on terrestrial carbon stocks likely plays a larger-than-expected role in the climate system ([@R15]). Information about the spatial extent and intensity of selective logging is not yet available at the pantropical scale, but selective logging operations in the tropics rely on networks of roads to provide access for machinery and the transport of merchantable timber products ([@R56]). We simulated the spatial footprint of selective logging inside lost parcels by applying a buffer around roads mapped in the OpenStreetMap dataset (data copyrighted OpenStreetMap contributors and available from [www.openstreetmap.org](http://www.openstreetmap.org)). We applied a 1-km buffer around roads to approximate where selective logging is likely to occur in lost parcels between 2013 and 2050. The 1-km buffer size was based on previous assessments of the relationship between accessibility and the intensity of selective logging ([@R57]). We removed selective logging footprints that overlapped with nonforest areas, burned area, or forest clearance inside lost parcels.

Selective logging footprints inside lost parcels were split into conventional logging or responsible logging areas (table S1). We based proportional estimates of responsible logging on nationally reported statistics on how much of the selective logging that occurs in their forests is responsible ([@R58]). In cases where responsible logging estimates were not available for a particular country, responsible logging proportional extents were set to mean of estimates from countries in the same continent.

Mapping cryptic forest degradation
----------------------------------

Forest fragmentation reduces the net amount of carbon stored at forest edges ([@R26]). Many studies indicate that such edge effects penetrate at least 500 m, and potentially well beyond this threshold, from a disturbed site ([@R5], [@R16], [@R59]). We therefore simulated fragmentation by applying 500-m buffers around the spatial footprints of forest clearance inside lost parcels. In pixels where fragmentation buffers overlapped inside a lost parcel, only one buffer was retained to prevent double counting edge effects. We also removed fragmentation buffers that overlapped with nonforest areas, burned area, forest clearance, or selective logging footprints inside lost parcels. Spatial data on edge effects were extracted at a spatial resolution of 30 m in Google Earth Engine.

Unsustainable harvesting of wild animals (i.e., defaunation) is causing declines of large-seeded animal-dispersed trees across the pantropics and could subsequently reduce the carbon stored in some tropical forest types by between 2 and 12% ([@R17]). The roads and forest clearance we observed in lost parcels will make them more susceptible to defaunation ([@R60]). We simulated emissions caused by defaunation in lost parcels using published estimates of the extent and intensity of carbon losses from defaunation across the pantropics ([@R17]). Osuri *et al.* use country-scale data on the relative abundance of animal-dispersed tree species and differences in median change in carbon stocks between defaunation and species-based control scenarios. Where these data were not available for all countries that lost intact tropical forest between 2000 and 2013, they were set to the median of values from countries within the same geographic region (i.e., Africa, Asia-Pacific, or Latin America) (table S3). We estimated carbon losses from defaunation in areas of lost parcels that were forested in 2013, and situated in the tropical moist broadleaf ecoregion (40 million ha).

In summary, we considered sources of committed emissions additively, ensuring that there was no overlap or double counting of emissions from selective logging or fragmentation. It was possible, however, for a pixel within a lost parcel to be subject to both defaunation and selective logging concurrently, or defaunation and fragmentation concurrently.

Estimating net emissions from forest clearance and degradation
--------------------------------------------------------------

We estimated emissions from forest clearance that occurred in intact forests between 2000 and 2013 using a "combine and assign" approach ([@R61]). Pulse emissions from a disturbance process *d* in a fragmented parcel *i* were measured using$$E_{d,i} = 0.5*(A_{d}*P_{d}*B_{i})$$where *A* is the area of disturbance *d* (in ha), *P* is the proportion of biomass lost due to disturbance *d* (i.e., the "carbon emission factor"), and *B* is the mean aboveground biomass estimated inside parcel *i* (in T ha^−1^). The factor of 0.5 is the proportion by weight of carbon in aboveground dry biomass.

In a second time period between 2013 and 2050, we estimated committed emissions from forest degradation processes that require years or decades to take effect and accounted for carbon sequestration that may occur from reforestation beyond 2013. We note, however, that a small fraction of the committed emissions we estimate for this second time period would actually occur in the first time period (2000--2013), given that some forest clearance occurred early in the 2000s.

We used [Eq. 1](#E1){ref-type="disp-formula"} to estimate committed emissions between 2013 and 2050 from selective logging, fragmentation, and ecological changes triggered by defaunation. Carbon emission factors for selective logging in countries that lost intact tropical forest between 2000 and 2013 were drawn from the peer-reviewed literature (table S1) ([@R20]). Where carbon emission factors for selective logging were not available for a particular country, they were set to the median of estimated values from countries within the same geographic region.

Emissions from defaunation in lost parcels were also estimated using [Eq. 1](#E1){ref-type="disp-formula"}. We estimated the area within tropical moist broadleaf forests affected by defaunation, *A*~DFAUN~, in parcel *i* using$$A_{\text{DFAUN},i} = (A_{i} - A_{\text{FC}})*T_{i}$$where *A~i~* is the forested area of parcel *i* (in ha), *A*~FC~ is the area of forest clearance in parcel *i* (in ha), and *T~i~* is the relative abundance of tree species vulnerable to defaunation in parcel *i*. We derived *T~i~* values and carbon penalties for defaunation from Osuri *et al.* (table S3).

The committed period also accounted for carbon sequestration by reforestation that is likely to occur between 2013 and 2050 at sites that were cleared between 2000 and 2013. In tropical countries, the majority of land for agricultural expansion comes from forests, not from previously cleared lands ([@R48]), and pressure to continue agricultural expansion in tropical countries is likely to increase in the coming decades ([@R62]). We therefore assumed that reforestation will occur in 28% of areas that were deforested in lost parcels located in tropical and subtropical ecoregions ([@R14]). We based this estimate on the observed ratio of forest loss to gain in the tropical forest domain for the 2000s (3.6 for \>50% tree cover) ([@R14]). We assumed that regrowing forests will sequester carbon at rates estimated for the 2000s (table S4) ([@R4]).

Most selective logging in the tropics operates on 20- to 40-year harvest cycles ([@R20]). We assumed that selective logging footprints within lost parcels will be logged at least once between 2013 and 2050 (37 years). Emissions from selective logging at a specific site are cyclical---an immediate release followed by gradual recovery---but we applied carbon penalties for conventional logging and responsible logging linearly across 37 years. This simplification was based on the typical long-term carbon impact of selective logging activities ([@R20]) and is not likely to affect our estimated regional or pantropical emissions from selective logging.

Time scales and trajectories for emissions from fragmentation remain poorly characterized. Previous studies show that emissions of the magnitude we considered (i.e., 25% loss in aboveground carbon penetrating 500 m from a newly created edge, and the first 100 m of this 500-m edge incurring a 50% loss in aboveground biomass) can occur within 10 to 17 years ([@R27]). We conservatively assumed a loss residence time for fragmentation of 37 years and, for simplicity, assumed that this loss occurs linearly (table S5). The time frame over which emissions from defaunation may occur is also unknown at this time. These emissions are likely to be much longer term than more immediate drivers of carbon losses such as deforestation or logging ([@R17]), yet ecological changes within tropical forests with the potential to result in biomass changes of the magnitude we considered for defaunation (i.e., 0.5 to 13.9% loss in aboveground carbon) can occur within 20 to 30 years ([@R63]). We chose to set a conservative time scale for defaunation emission to 100 years and also assumed that this loss occurs linearly. We did not account for any defaunation that potentially occurred in intact forests before year 2000 ([@R64]).

Estimating forgone carbon removals
----------------------------------

Last, we compared emissions caused by forest clearance, selective logging, and edge effects between 2000 and 2050 to the amount of carbon that could have been removed from the atmosphere had these processes not occurred. We estimated annual foregone removals, *F~n~*, for three geographic regions, *j* (Asia-Pacific, Africa, and Latin America), using$$F_{n,j} = (E_{j}*R_{j,n})$$where *E* is the total area in lost parcels sited in geographic region, *j*, that is subject to clearance, selective logging, or edge effects between 2000 and 2050 (in ha) and *R* is the intact forest sink for each geographic region (in T ha^−1^ year^−1^) in year *n*. We derived *R~j~* values from Pan *et al.* ([@R4]) (table S4), who estimated annual sequestration rates inside tropical intact forests across Asia-Pacific, Africa, and the Americas in the 2000s (table S4). We also derived 95% confidence intervals for *R~j~* values from Pan *et al.* ([@R4]) using$$R_{j} \pm (U_{j}/F_{j})$$where *U~j~* is the annual carbon stock change uncertainty (in T ha^−1^ year^−1^) and *F~j~* is the average annual forested area between (in ha) reported by Pan *et al.* ([@R4]) for different geographic regions between 2000 and 2007. Where possible, *U~j~* values reported by Pan *et al.* ([@R4]) were quantitative estimates of uncertainty, either calculated from sample plot data or reported in the source of data using an acceptable calculation method. If quantitative estimates of uncertainties were not available from the source data or could not be calculated, then *U~j~* values were derived from expert opinion ([@R4]).

Spatial variation in the intact forest sink is poorly understood, and some individual areas of intact forest may have markedly different sequestration rates than those estimated here. However, we estimated that, by 2050, aboveground carbon currently held in intact tropical forests would increase by 13% if the intact forest sink continues at rates estimated for the 2000s, which is comparable to observed accumulation rates from long-term studies of intact forest areas in Africa ([@R38]), Asia-Pacific ([@R5]), and Latin America ([@R3]).

We developed two alternative sequestration scenarios to explore how a gradual saturation of the intact forest sink in the 21st century would influence our results. There is some early evidence that intact forests are becoming saturated in Latin America ([@R36]), whereas the intact forest sink in Asia ([@R5]) and Africa ([@R38]) appears to be more robust. Most studies suggest that any sink saturation within tropical intact forests would occur late in the 21st century, with 2030 being a very conservative estimate \[e.g., ([@R38])\]. Hence, our two alternative scenarios assumed that intact forests located in Latin America will reach saturation by 2030 and that all tropical intact forests will reach saturation by 2030.

Saturation of *R~j~* values between 2013 and 2030 was modeled using an exponential decay function$$R_{j}(t) = R_{j0}~e^{(t* - k)}$$where *R~j~*(*t*) is the annual sequestration rate at time *t* and *R*~*j*0~ is the annual sequestration rate in year 2013 for geographic region *j*. To calculate the decay constant, *k*, for each geographic region, we solved the exponential decay function for *k* after setting *R~j~*(*t*) to approximately zero (0.001) and *t* to 16 (because the 16th time iteration represented year 2029 when we assumed that the sequestration rate would approach zero). Annual sequestration rates between 2030 and 2050 were then set to zero (fig. S1).
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Fig. S1. Estimated annual rate of carbon sequestration inside intact forests under alternative scenarios.

Fig. S2. Full accounting of the carbon impact of intact forest loss assuming the onset of carbon saturation in intact forests in Latin America by 2030.

Fig. S3. Full accounting of the carbon impact of intact forest loss assuming the onset of carbon saturation in all tropical intact forests by 2030.

Table S1. Country-level estimates on the proportion of selective logging that uses responsible forest management techniques and emission factors for responsible and conventional logging practices.

Table S2. Intact forest landscape reduction between 2000 and 2013 in countries across the global tropics.

Table S3. Country-level statistics required to estimate carbon emissions from defaunation.

Table S4. Regional carbon sequestration rates for intact forest areas and reforestation.

Table S5. Assumed time scales and trajectories of carbon dynamics from different forest processes.
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